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ABSTRACT 

As a component o f  an ongoing program t o  assess t h e  p o t e n t i a l  hea l th  

e f f e c t s  o f  coal convers ion ma te r ia l s ,  we have r e c e n t l y  completed chemical and 

t o x i c o l o g i c  s tud ies  o f  a sample se t  c o l l e c t e d  on se lected days o f  a 25-day 
demonstration run o f  a c a t a l y t i c  two stage d i r e c t  coal l i q u e f a c t i o n  (CTSL) 

process. 
aromatic compounds (NPAC) and hydroxy-subst i tu ted PAC, compounds as the  opera- 

t i o n  t ime of the p i l o t  p l a n t  increased. The p ropor t i on  o f  ma te r ia l  which 

b o i l e d  above 975OF a l s o  increased i n  the  s o l i d s - f r e e  p o r t i o n  o f  t he  recyc le  

s l u r r y  o i l  as p i l o t  p l a n t  operat ion t ime increased. 
Increase i n  NPAC concen t ra t i on  du r ing  the run, t he  m ic rob ia l  mutagenic a c t i v i t y  

of se lected process m a t e r i a l s  a l so  increased as a func t i on  o f  run time. 
wise, the tumor igen ic i t y  o f  t he  ma te r ia l s  produced l a t e r  i n  the demonstrat ion 

run was h igher  than t h a t  of those produced i n i t i a l l y .  
t he  view t h a t  c a t a l y s t  d e a c t i v a t i o n  du r ing  the course o f  t h e  run g ives r i s e  not 

on l y  t o  lower coal conversion, but  a l so  t o  increased t o x i c o l o g i c  a c t i v i t y .  

There was an increase i n  heteroatomic. n i t r o g e n  con ta in ing  p o l y c y c l i c  

As a n t i c i p a t e d  from the  

L i ke -  

These r e s u l t s  support 

INTRODUCTION 

Chemical and t o x i c o l o g i c  c h a r a c t e r i s t i c s  o f  d i r e c t  coal  l i q u e f a c t i o n  mate- 

r i a l s  are h i g h l y  dependent on the  s p e c i f i c  process by which the coal l i q u i d s  
were produced. O f  p a r t i c u l a r  importance a re  those process var iab les which can 

1 9 6  



a f f e c t  t he  b o i l i n g  p o i n t  (bp) range and degree o f  hydrogenation of product 

ma te r ia l s  (Wilson e t  al., 1986). Thus, process mod i f i ca t i ons  such as recyc le  
o f  heavy ends t o  e x t i n c t i o n  (Anderson and Freel ,  1983). adjustment o f  product 

d i s t i l l a t i o n  upper temperature c u t  p o i n t s  t o  ca. < 650 OF (Pel roy e t  al., 
1985). i nco rpo ra t i on  o f  a c a t a l y t i c  hydrogenation s tep (Wilson e t  a l ,  1986), 

and, t o  a l e s s e r  extent ,  changes i n  feed coal type can reduce t h e  t o x i c o l o g i c  

p o t e n t i a l  o f  coal l i q u e f a c t i o n  m a t e r i a l s  as determined by m ic rob ia l  mutagenic- 

i t y  t e s t i n g  and mouse s k i n  tumorigenesis assays. 

We have recen t l y  concluded stud ies t h a t  assessed t h e  e f f e c t s  o f  process 

run time, and hence c a t a l y s t  age, on the  chemical composit ion and t o x i c o l o g i c  

a c t i v i t y  of m t e r i a l s  from an advanced coal l i q u e f a c t i o n  process. 

present paper. these r e s u l t s  are repor ted and compared t o  data from e a r l i e r  
s tud ies which d e a l t  w i t h  o the r  process va r iab les  such as those l i s t e d  above. 

Studies of c a t a l y s t  e f f e c t s  on t o x i c o l o g y  w i l l  be impor tant  i n  t h e  new 

petroleum res id /coa l  co-processing schemes, which w i l l  depend h e a v i l y  on 

c a t a l y s t  performance. 

I n  t h e  

EXPERIMENTAL 

During J u l y  o f  1984, Hydrocarbon Research, Inc. (HRI) performed a 25-day 

demonstrat ion run o f  t h e i r  c a t a l y t i c  two-stage l i q u e f a c t i o n  coal conversion 
(CTSL) process a t  Lawrencevi l le ,  NJ. 

take advantage of c a t a l y t i c  reac t i ons  i n  both reactors  t o  conver t  coal t o  a 

l i q u i d ;  d e t a i l s  o f  t he  CTSL process are given by Comoll i  e t  a l .  (1984) and 
Wright and L a t e r  (1985). Samples o f  t he  pressure f i l t e r  l i q u i d  (PFL; t h e  

s o l i d s - f r e e  p o r t i o n  o f  t h e  recyc le  s l u r r y  o i l ,  an i n t e r n a l  process stream 
mate r ia l )  were taken each day o f  t he  demonstrat ion run. 
b lend (PDB) ,  more rep resen ta t i ve  o f  t he  ac tua l  net product from t h e  CTSL 

process, was a l so  suppl ied by HRI. 

An o b j e c t i v e  of t h i s  CTSL process was t o  

A product d i s t i l l a t e  

Chemical analyses were performed on . f rac t i ons  i s o l a t e d  from t h e  PFL and 

PDB ma te r ia l s  by adsorpt ion column chromatography (La te r  e t  a l .  1981). Chemi- 
ca l  c lass f r a c t i o n s  of a l i p h a t i c  hydrocarbons (AH), p o l y c y c l i c  aromatic hydro- 
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carbons (PAH), n i t r o g e n - c o n t a i n i n g  p o l y c y c l i c  aromat ic compounds (NPAC), and 

hydroxy-subs t i tu ted  PAH (hydroxy-PAH) were produced us ing  neut ra l  alumina as an 

adsorbent. Due t o  the  h igh  concent ra t ion  of hydrogenated and p a r t i a l l y  hydro- 

genated components present i n  these samples, t h e  hydroaromatic compounds were 
i so la ted  us ing  p ic r ic -ac id -coated  alumina as an adsorbent (Wozniak and Hites.  

1983). 

were then analyzed by h i g h - r e s o l u t i o n  gas chromatography (HRGC), gas 

chromatographylmass spectrometry (GC/MS), and low-vol tage p robe- in le t  mass 

spectrometry (LVMS). 

Selected chemical f r a c t i o n s  i s o l a t e d  from t h e  PFL and PD8 mate r ia l s  

The mutagenic response o f  a l l  crude samples and chemical c lass  f rac t i ons  

were measured u s i n g  t h e  h i s t i d i n e  revers ion  m ic rob ia l  mutagen ic i ty  t e s t  w i t h  

Salmonella typhimurium. TA98 (Ames e t  a1 .. 1975). Selected crudes were tes ted  

for tumorigenic p o t e n t i a l  us ing  the  i n i t i a t i o n / p r o m o t i o n  ( I / P )  assay f o r  

tumor igen ic i ty  i n  m u s e  s k i n  (Mahlum, 1983). D e t a i l s  regard ing  t h e  methods o f  
chemical analyses and measurement o f  t o x i c o l o g i c  a c t i v i t y  i n  t h e  CTSL mater ia ls  

are given by Wright and La te r  (1985). 

RESULTS AND DISCUSSION 

Chemical Ana lys is  

The d i s t i l l a t i o n  weight percent d i s t r i b u t i o n  o f  the  CTSL PFL m a t e r i a l s  

f rom days 5, 10, 15, 19, and 24 are given i n  Table 1. 
above 975°F increased s i g n i f i c a n t l y  over t h e  d u r a t i o n  o f  t h e  demonstration run. 

There was a concurrent decrease i n  the  composi t ion which d i s t i l l e d  less than 

The composition b o i l i n g  

TABLE 1. D i s t i l l a t i o n  Data f o r  Selected PFL Sample Ma te r ia l s  

D i s t i l l a t i o n  Weight Percent Composition 
Temperature Day 10 Day 15 Day 19 Day 24 

I B P  - 65OOF 28.1 21.0 1R.9 14.9 13.1 
650 - 8 5 0 0 ~  33.4 32.7 30.9 31.8 30.9 
850 - 975OF 11.4 12.7 13.8 8.7 6.8 
975"Ft 27.1 33.6 36.4 44.6 49.2 
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650'F. 
o f  c a t a l y s t  deac t i va t i on  and recyc le o i l  b o i l i n g  p o i n t  adjustment. 

The increase i n  h ighe r  b o i l i n g  cons t i t uen ts  o f  t he  PFL my be an e f f e c t  

Elemental ana lys i s  data i nd i ca ted  the re  were changes i n  the  PFL composi- 

t i o n  du r ing  the course o f  the 25-day demonstrat ion run. These changes inc luded 

a general decrease i n  the  carbon content o f  t he  PFL mate r ia l  and an increase i n  

the  heteroatom content w i t h  c a t a l y s t  age and du ra t i on  o f  t he  run. The n i t rogen  

content increased g radua l l y  from 0.61 weight percent on day 5 t o  0.99 weight 

percent on day 24; t he  s u l f u r  content increased s i m i l a r l y  from 0.046 t o  0.186 

weight percent f o r  t he  same days o f  p i l o t  p lan t  operation. 

The chemical c lass  composition (as determined by alumina column chromatog- 

raphy) o f  t he  PFL mate r ia l s  from days 1, 5, 10, 15, 19, and 24 are shown i n  

F igure 1. 
decreased by more than a f a c t o r  o f  two, t he  PAH composit ion o f  t h e  PFL mate r i -  

a l s  was f a i r l y  constant, and both the NPAC and hydroxy-PAH f r a c t i o n s  showed 

s i g n i f i c a n t  increases. The PDB had a s i g n i f i c a n t l y  h ighe r  AH 

As the demonstrat ion run progressed, the  PFL AH composi t ion 
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FIGURE 1. Chemical Class Composition o f  CTSL Pressure F i l t e r  L i q u i d  
Samples as Determined by Alumina Column Chromatography 
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composition and s i g n i f i c a n t l y  lower PAH. WAC, and hydroxy-PAH composi t ion than 

d i d  the  PFL m a t e r i a l .  The PDB contained 43% AH, 23% PAH. 5.2% NPAC, and 6.7% 

hydroxy-PAH by weight as determined by alumina column chromatography. 

The hydroaromat ic composi t ion o f  t he  CTSL PFL m a t e r i a l s  from days 1, 5, 
10, 15, 19, and 24 i s  shown i n  F igure  2. The AH o f  f r a c t i o n  P A 1  and the  hydro- 

aromatic compounds o f  f r a c t i o n  PA2 genera l l y  decreased as the  opera t ion  t i m e  o f  

t h e  demonstration run  increased. The dihydro- and less-than-three-r inged PAH 

composition o f  f r a c t i o n  PA3 was constant a f t e r  about day 5 o f  t h e  demonstration 

run. I n  add i t i on ,  t h e  greater- than-three r inged PAH and some s l i g h t l y  po la r  

compounds o f  f r a c t i o n  PA4 genera l l y  increased w i t h  inc reas ing  opera t ion  time. 

Indan, t e t r a l i n ,  and hydrogenated acenaphthylenes. f luorenes, phenanthrenes, 

f luoranthenes, and pyrenes were detected as major components i n  the  hydroaroma- 

t i c  f r a c t i o n  of t h e  PDB when analyzed by HRGC and GC/MS. 
each o f  the above were a l s o  detected i n  t h e  PA2 f rac t i on .  

A lky la ted  species o f  

0 
0 5 10 15 20 25 

Days of Demonstration Run Operation 

FIGURE 2. Hydroaromatic Composition of CTSL Pressure F i l t e r  L i q u i d  Samples 
as Determined hy Picric-Acid-Doped Column Chromatography 
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The PAH and NPAC f r a c t i o n s  were analyzed i n  d e t a i l  s ince these chemical 

c lass f rac t i ons  have been prev ious ly  shown t o  be the  most tumorigenic and 

mutagenic f rac t i ons  i n  coa l -der ived  mater ia ls .  respec t ive ly .  The q u a n t i t a t i v e  

HRGC r e s u l t s  f o r  over 50 components i n  the  PAH f r a c t i o n s  and 40 components i n  

t h e  NPAC f rac t i ons  o f  the  PFL mate r ia l s  from day 1, 5, 10. 15, 19, and 24 are 

given by Wright and La te r  (1985). The r e s u l t s  o f  t he  PAH f r a c t i o n  analyses can 

be summarized by the  data given i n  F igure  3. The q u a n t i t a t i v e  values f o r  some 
low molecular weight PAH i n  t h e  i s o l a t e d  PAH f rac t i ons ,  i.e. t he  methylnaphtha- 

lenes and two isomers o f  dimethylnaphthalene, were summed and are p l o t t e d  f o r  

each o f  the  PFL m a t e r i a l s  analyzed. The concent ra t ion  o f  these low molecular 

weight components decreased over t h e  du ra t i on  o f  t he  demonstration run. The 
quan t i t a t i ve  values f o r  some o f  the  h igh  molecular weight PAH i n  the  i s o l a t e d  

PAH f rac t ions ,  i.e. two methylchrysene isomers, the  benzofluoranthenes, t h e  
benzopyrenes, indeno(l,2,3-cd)pyrene, and benzo(ghi )perylene, were a l so  summed 

and a re  p l o t t e d  i n  F igure  3 f o r  each o f  t he  PFL m a t e r i a l s  analyzed. The 

I I I I L I  
0 5 10 15 20 25 

Days of Demonstration Run Operation 

FIGURE 3. Concentrat ions (pa r t s  per thousand) o f  Selected High 
Molecular Weight Components and Low Molecular Weight 
Components i n  PAH Frac t ions  o f  Selected CTSL PFL Samples 
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concent ra t ion  of these h igh  molecular weight components increased s i g n i f i c a n t l y  
w i th  inc reas ing  p i l o t  p lan t  opera t ion  time. 

e q u i l i b r a t e d  d u r i n g  the  f i r s t  3 days o f  t he  demonstration run; t h e  composition 

of the  PAH f r a c t i o n s  cont inued t o  change a f t e r  opera t ing  temperatures were 

e q u i l i b r a t e d  a t  day 3. These changes may be an e f f e c t  o f  c a t a l y s t  degradation 

or an e f f e c t  of t h e  r e s i d  recyc le .  

weight composi t ion were noted f o r  t h e  AH, NPAC. and hydroxy-PAH chemical class  
f r ac t i ons  when analyzed by LVMS. 

Operat ing temperatures were 

S i m i l a r  increases i n  h igher  molecular 

The i n d i v i d u a l  components i n  t h e  chemical c lass  f r a c t i o n s  o f  t h e  PDB were 

s i m i l a r  t o  those found i n  t h e  PFL mater ia ls .  on ly  f o r  a lower molecular weight 

range. 

t h a t  the c o n c e n t r a t i o n  o f  t h e  methylnaphthalenes and two dimethylnaphthalene 
isomers was m r e  t h a n  an order o f  magnitude higher i n  the  PDB as compared t o  

the  PFL, f o r  example. 

The q u a n t i t a t i v e  analyses o f  the  PDB and t h e  PFL composite revealed 

To compare t h e  degree o f  a l k y l a t i o n  o f  the  CTSL PDB t o  products from other 

coal l i q u e f a c t i o n  processes, t he  q u a n t i t a t i v e  values f o r  t h e  fo l l ow ing  com- 
pounds were summed and were then d i v ided  by the  q u a n t i t a t i v e  values o f  t h e i r  

respec t ive  parent compounds: t he  me2hylphenanthrene isomers, the  methylcarba- 
zole isomers, and 1-methyl pyrene. The r e s u l t i n g  r a t i o s  were then summed. The 

summed r a t i o s  o f  these q u a n t i t a t i v e  values are  given i n  Table 2 f o r  the  CTSL 
PDR as we l l  as s o l v e n t  r e f i n e d  coal ( S R C ) - I .  SRC-11, H-Coal, EDS, in tegra ted  

two-stage l i q u e f a c t i o n  (ITSL) (Lunimus), ITSL (Wi l sonv i l l e ) ,  and nonintegrated 

two-stage l i q u e f a c t i o n  (NTSL) products. 
mater ia ls  showed t h e  lowest degree o f  a l k y l a t i o n  compared t o  the s ingle-stage, 

c a t a l y t i c  H-Coal, hyb r id  EDS. o r  any o f  t he  two-stage coal l i q u e f a c t i o n  
Products. The h i g h e s t  degrees o f  a l k y l a t i o n  were present i n  the two-stage coal 

l i que fac t i on  mater ia ls .  
s i m i l a r  degrees o f  a l k y l a t i o n  t o  each other,  as determined by these means. 

The single-stage, n o n c a t a l y t i c  SRC 

Both ITSL, t h e  NTSL, and t h e  CTSL mate r ia l s  showed 

Those processes which incorpora ted  c a t a l y s t s  had h igher  degrees o f  hydro- 

genation than d i d  t h e  n o n c a t a l y t i c  processes. Q u a n t i t a t i v e  values f o r  t he  1,2- 
dihydrophenalene and a d ihydro f luoran thene were d i v i d e d  by t h e  q u a n t i t a t i v e  

values o f  f luorene and f luoranthene, respec t ive ly ,  t o  compare the  degree o f  

hydrogenation of coa l  l i q u e f a c t i o n  process mater ia ls .  These two r a t i o s  were 
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TABLE 2. Re la t i ve  Degrees o f  A l k y l a t i o n  and Hydrogenation o f  Coal L i q u e f a c t i o n  
Ma te r ia l s  as Determined by HRGC Analys is  

Coal L ique fac t i on  
Process 

S R C - I  

S R C - I  I 
H-Coa 1 

ED S 

ITSL Lummus 

ITSL W i l s o n v i l l e  

NTSL W i  1 sonvi 11 e 

CTSL POB 

Re1 a t  i ve 
Degree o f  

A1 k y l a t i  on(a) 

1.3 
1.7 

3.2 
3.4 

4.6 
4.4 

4.9 

4.1 

Re la t i ve  
Degree o f  

Hydrogenati on(a)  

0.2 
0.6 

4.2 
4.4 

6.3 
6.0 

11 

10 

(a )  See t e x t  f o r  explanation. 

then summed and are a l so  g iven f o r  each o f  t he  coal l i q u e f a c t i o n  m a t e r i a l s  i n  

Table 2. 
t i o n ,  as determined by t h i s  method. 

The CTSL PO8 and NTSL product showed the  h ighest  degree o f  hydrogena- 

B i o l o g i c a l  Test ing 

The m ic rob ia l  mutagenic i ty  r e s u l t s  i nd i ca ted  a general t rend  of i nc reas ing  

The r e s u l t s  o f  t e s t i n g  mutagenic i ty  w i t h  increased p i l o t  p l a n t  operat ion t ime. 

crude PFL mate r ia l s  from each day o f  t h e  demonstrat ion run were as fo l l ows :  

t he  responses, i n  rev/pg, ranged from approximately 1 t o  2 f o r  t he  f i r s t  

5 days, 2 t o  3 rev/pg f o r  t he  next 5 days, 4 t o  6 rev/pg f o r  days 11 through 

15. 6 t o  10 rev/pg f o r  days 16 through 20, and 9 t o  12 rev/pg f o r  t he  l a s t  

5 days o f  t he  demonstrat ion run. The t r e n d  o f  i nc reas ing  mutagenic response 

w i t h  t ime o f  operat ion co r re la tes  w i t h  the chemist ry  ana lys i s  data, which 

showed t h a t  t he  PFL mate r ia l s  had an i nc reas ing  heteroatomic ( p a r t i c u l a r l y  

NPAC) composition as the  l eng th  o f  p i l o t  p l a n t  Operation t ime  increased. 

m ic rob ia l  mutagenic response o f  coal l i q u e f a c t i o n  ma te r ia l s  has h i s t o r i c a l l y  
been r e l a t e d  t o  t h e  NPAC chemical c lass  f r a c t i o n s  of coal l i q u e f a c t i o n  

ma te r ia l s  analyzed us ing these met hods. 

The 
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The CTSL POB had a m ic rob ia l  mutagen ic i ty  dose response o f  1.7 rev/pg w i t h  

S. typhimurium, TA98. 
of W i l sonv i l l e  (bp >45OoF) and L u n u s  (bp >400°F) ITSL f i n a l  products: 

imate ly  2 rev/pg f o r  t h e  CTSL versus 0 rev/pg f o r  t h e  ITSL mater ia ls .  

d id ,  however, have a lower mutagenic response than t h a t  o f  a NTSL (bp >450°F) 

f i n a l  product ( 6  rev/pg).  
CTSL mate r ia l s  t e s t e d  was associated w i t h  the  NPAC f r a c t i o n s  when t h e  chemical 

c lass f r a c t i o n s  were t e s t e d  wit!! S. typhimurium. TA98. 

s i s t e n t  w i t h  o ther  coal  l i q u e f a c t i o n  m a t e r i a l s  s tud ied  t o  date. 

Th is  response was h i g h e r  than m a t e r i a l s  representa t ive  

approx- 

The PDB 

The m a j o r i t y  o f  m ic rob ia l  mutagen ic i ty  o f  a l l  the  

These r e s u l t s  were con- 

The r e s u l t s  a r e  g iven i n  Table 3 f o r  t h e  I / P  mouse sk in  t u m o r i g e n i c i t y  

assay o f  days 5, 15, and 24 PFL m a t e r i a l s  from t h e  25-day demonstration run o f  

t h e  H R I  CTSL process. The mean number o f  tumors per mouse data (normalized t o  

a popu la t ion  o f  30 mice) i nd i ca ted  a general t r e n d  o f  inc reas ing  t u m o r i g e n i c i t y  

w i t h  inc reas ing  l eng th  o f  p i l o t  p lan t  opera t ion  and c a t a l y s t  deac t iva t ion .  

These I / P  r e s u l t s  were i n  general agreement w i t h  t h e  chemistry r e s u l t s  t h a t  

showed t h a t  t he  PFL m a t e r i a l s  had decreased AH content and increased molecular 

weight d i s t r i b u t i o n  w i t h  inc reas ing  l eng th  o f  p i l o t  p lan t  operat ion.  The 

percent tumor inc idences  were s i m i l a r  f o r  a l l  t h e  PFL m a t e r i a l s  tes ted  

TARLE 3. I / P  Resul ts (mean number o f  tumors per mouse) 
f o r  Selected Coal L i q u e f a c t i o n  M a t e r i a l s  

Sample 

CTSL PFL. Day 5 
CTSL PFL, Day 15 

CTSL PFL, Day 24 

CTSL POB 

ITSL Second-Stage Product 
( M i  1 sonvi  1 l e )  

NTSL Second-Stage Product 
( W i l s o n v i l l e )  

ITSL TLP (Lumnus) 

Nominal bp 
Range (OF) 

500 - 975+ 

500 - 975+ 

500 - 975+ 

(850 

450 - 850+ 

450 - 850+ 

-400 - 850+ 

Tumors/Mouse(a) 

1.37 

1.62 
2.27 
0.57 

1.3 

1.1 

2.6 

(a) Normalized t o  30 mice per  t e s t  ma te r ia l .  
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(approximately 70% a f t e r  191 days); however, day 5 r e s u l t s  were s l i g h t l y  lower 

(-62%) and day 15 r e s u l t s  were s l i g h t l y  h igher  (-75%) than t h e  res t .  

The skin-tumor i n i t i a t i n g  a c t i v i t y  o f  t he  PDB (a l so  g iven i n  Table 3 i n  

terms o f  mean number o f  tumors pe r  mouse) was s i g n i f i c a n t l y  l ess  than t h a t  o f  

any o f  t he  PFL mate r ia l s  tes ted  when judged by e i t h e r  tumor y i e l d  or  tumor 

incidence; t h i s  i s  p red ic tab le  from the  s i g n i f i c a n t l y  increased bp range o f  t h e  

PFL (>975OF) versus t h a t  o f  the PDR (<85OoF) mater ia ls .  Increas ing tumor i -  

g e n i c i t y  has been noted w i t h  i nc reas ing  bp o f  coal l i q u e f a c t i o n  ma te r ia l s  by 

Wright e t  a l .  (1985). 

A lso inc luded i n  Table 3 are t h e  mean number o f  tumors pe r  mouse f o r  t h e  
ITSL and NTSL mate r ia l s ,  w i t h  nominal bp i n fo rma t ion  f o r  a l l  samples. The CTSL 

PDB appeared t o  have less  tumor i n i t i a t i n g  a c t i v i t y  than d i d  the  NTSL o r  ITSL 

products, probably a n . e f f e c t  o f  the lower bp o f  t he  former versus t h e  l a t t e r .  
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